We have studied the tensile deformation behaviour of thin films of aging aqueous suspension of Laponite, a model soft glassy material, when subjected to a creep flow field generated by a constant engineering normal stress. Aqueous suspension of Laponite demonstrates aging behaviour wherein it undergoes time-dependent enhancement of its elastic modulus as well as its characteristic relaxation time. However, under application of the normal stress, the rate of aging decreases and in the limit of high stress, the aging stops with the suspension now undergoing a plastic deformation. Overall, it is observed that the aging that occurs over short creep times at small normal stresses is the same as the aging that occurs over long creep times at large normal stresses. This observation allows us to suggest an aging time-process time-normal stress superposition principle, which can predict rheological behaviour at longer times by carrying out short time tests.
stress is overcome (Barnes et al. 1989; Bonn and Denn 2009; Cates and Evans 2000; Cipelletti and Ramos 2002; Cloitre et al. 2000; Coussot et al. 2006; Joshi and Reddy 2008; Kobelev and Schweizer 2005; Petekidis et al. 2003 Petekidis et al. , 2004 Rogers et al. 2010) . Typical examples of such systems include: concentrated suspensions and emulsions, pharmaceutical and cosmetic pastes, shaving foam, hair gels, toothpastes, foodstuff, etc. In most of these materials, the microstructure undergoes continuous evolution with time. Under application of a strong deformation field, however, the microstructure cannot store the energy beyond a certain threshold, which could make way for the plastic deformation by undergoing a structural breakdown. In this limit of deformation field, viscosity decreases with time leading to a commonly observed thixotropic character associated with these materials. Overall, the yield stress and other rheological properties of these materials depend on the deformation history as well as the time elapsed since preparation of the sample (Cloitre et al. 2000; Coussot et al. 2006; Di Leonardo et al. 2005; Joshi and Reddy 2008; Shukla and Joshi 2009 ). In addition, these materials do not obey time translational invariance, which greatly limits the applicability of Boltzmann's superposition principle and time-temperature superposition (Fielding et al. 2000; Struik 1978) . In general, such behaviour also imposes difficulties in carrying out effective processing of these materials to form useful products. Therefore, to predict the temporal evolution of the physical properties, along with their dependence on the deformation field, is an important challenge posed by this class of materials.
Time-dependent evolution of a microstructure is a natural physical process observed in most of the out-ofequilibrium systems such as molecular and polymeric glasses, spin glasses and various soft glassy materials (Bandyopadhyay et al. 2006; Ramos 2002, 2005; Coussot 2006 Coussot , 2007 Mamane et al. 2009; McKenna et al. 1995 McKenna et al. , 2009 Negi and Osuji 2009; Purnomo et al. 2008; Rogers et al. 2010; Shahin and Joshi 2010; Struik 1978; Wales 2003) . In these systems, attainment of the lowest energy or the equilibrium state is kinetically hindered over the practical time scales. The microstructure of these out-of-equilibrium systems thus evolves by lowering its energy continuously as a function of time (Awasthi and Joshi 2009; Wales 2003) . This scenario is usually analysed by considering an individual primary constituent of the system to be arrested in a physical cage (or an energy well) formed by its surrounding constituents. Therefore, the thermodynamically driven lowering of energy of the system leads to an increase in the barrier height of the energy well as a function of time. This process causes enhancement of cage diffusion time scale (characteristic relaxation time) and also an evolution of its physical properties as a function of time (Bandyopadhyay et al. 2004 (Bandyopadhyay et al. , 2010 Cloitre et al. 2000; Negi and Osuji 2009; Purnomo et al. 2008; Schosseler et al. 2006 ). This phenomenon is popularly known as physical aging (Hodge 1995; Struik 1978; Wales 2003) and is influenced by temperature (Awasthi and Joshi 2009; O'Connell and McKenna 1997; Struik 1978) and stress/deformation field (Cloitre et al. 2000; Derec et al. 2000 Derec et al. , 2003 Joshi and Reddy 2008; Reddy and Joshi 2008; Rogers et al. 2010) . Out of various glass-forming systems discussed above, aging phenomenon in polymeric glasses has received significant attention due to its wide industrial applications. In a seminal contribution, Struik (Hodge 1995; Struik 1978 ) established a detailed procedure named as 'time-waiting (aging) time superposition' to predict a long-time creep behaviour of amorphous (glassy) polymeric materials by carrying out short time tests. The procedure also yielded a logarithmic rate of evolution of relaxation time as a function of aging time (Struik termed this rate as shift rate μ which represents d ln τ/d ln t w , where τ is relaxation time and t w is the time elapsed since a temperature quench also known as waiting or aging time). In addition, Struik was the first to propose that effect of aging can be reversed by applying large deformations to the material (Struik 1978) . Based on this concept many groups in recent years have suggested a possibility of time-stress/strain superposition for variety of amorphous polymers and composites in tensile deformation field (Akinay and Brostow 2001; Jazouli et al. 2005; Kolarik and Pegoretti 2006; Starkova et al. 2007 ). However, McKenna (2003) , in a comprehensive review article, analysed a large set of experimental data on polymer glasses and proposed that the stress or the deformation field does not lead to mechanical rejuvenation (or reversal of aging) of the system. McKenna claimed that in sub-yield region mechanical stress was not observed to affect the volume recovery (since polymeric glasses age by undergoing volume recovery, this observation amounts to absence of reversal of aging process by applied stress). On the other hand, effect of stress was observed to be leading the system to polyamorphism or a new deformationinduced phase in the post-yield experiments (McKenna 2003) . Therefore, although the time-aging time superposition has been validated for amorphous polymeric materials, the later report casts serious doubts on applicability of time-deformation field superpositions in predicting long-time behaviour by carrying out short time tests.
Behaviour of shift rate μ has also been studied for spin glasses to understand the aging phenomena. Kenning and co-workers (Rodriguez et al. 2003 ) studied aging phenomena in spin glasses by measuring the thermoremanent magnetization decays and estimated shift rate μ, which was observed to be dependent on the cooling rate. Recently, Sibani and Kenning (Sibani and Kenning 2010) observed that the response curves obtained at different values of aging time collapsed for μ slightly less than one.
Compared to amorphous polymeric systems, molecular glasses and spin glasses, understanding of physical behaviour of soft glassy materials is still in its infancy. Other than significant commercial importance, soft glassy materials are considered as model systems to study glass transition phenomena as many of the spectroscopic and microscopic techniques, which can be applied to colloidal systems, cannot be applied to molecular glasses. However, unusually high viscosity and plastic flow behaviour of these systems pose many challenges in most of the vital industrial operations involving the momentum, heat and mass transfer. In the rheological context, limited applicability of time translational invariance in these materials has led to reworking of mathematical formulations of general linear viscoelastic behaviour (Fielding et al. 2000) . In an important development, Sollich and co-workers (Fielding et al. 2000; Sollich 1998; Sollich et al. 1997 ) developed a rigorous mathematical model known as soft glassy rheology model to predict the rheological behaviour of this class of out-of-equilibrium systems. Furthermore, Fielding and coworkers (Fielding et al. 2000) provided a formal mathematical foundation to the 'time-aging time' superposition procedure originally developed by Struik for amorphous polymeric systems. Cloitre and co-workers (Cloitre et al. 2000) applied the time-aging time superposition to a system of soft microgel paste by carrying out creep experiments at different aging times and stresses. They observed that the parameter, μ, which represents the rate of aging, tends to unity in the limit of small stress. In addition, μ was observed to tend to zero in the limit of creep stress greater than the yield stress. At μ = 0, material is in an un-jammed state where physical properties do not depend on the aging time. Derec and coworkers (Derec et al. 2000 (Derec et al. , 2003 applied the time-aging time superposition procedure, which was modified by Fielding and co-workers (Fielding et al. 2000) , to stress relaxation data which was obtained upon application of step strain at different aging times. Unlike the previous studies, which were confined to shear flow field, Shaukat and coworkers (Shaukat et al. 2009 ) demonstrated applicability of this procedure to tensile deformation experiments. Recognizing the effect of stress/deformation field on the relaxation time, recently, Joshi and Reddy Reddy and Joshi 2008) extended timeaging time superposition procedure by including the shear stress field and proposed 'time-aging time-shear stress superposition'. Similarly, noting a strong influence of temperature on rate of aging as well as overall relaxation behaviour, this procedure has recently been extended to demonstrate time-aging time-temperature superposition (Awasthi and Joshi 2009 ). Although the time-aging time superposition has been demonstrated to be applicable to variety of soft materials, it is not universally applicable to all the materials. Very recently, McKenna and co-workers (McKenna et al. 2009 ) argued that in order to observe time-aging time superposition, the α relaxation and the β relaxation modes are needed to be widely separated.
In this paper we demonstrate applicability of timeaging time-normal stress superposition for tensile creep flow experiments. Tensile or extensional flow fields are ubiquitous in nature and in industrial processing of materials. In tensile or extensional flow field, application of normal stress induces flow (velocity) in the same direction as the velocity gradient, which leads to the movement/separation of two adjacent points exponentially as a function of time (Larson 1999) . On the other hand, in shear flow field, application of shear stress induces flow in the perpendicular direction to that of velocity gradient. This causes linear separation of the adjacent points with respect to time. Consequently, extensional flow imparts stronger deformation field as compared to the shear flow. Since aging behaviour of the soft glassy materials is strongly dependent on the deformation field, rejuvenation of the same in extensional flow fields is expected to be more severe than in shear flow field. However, there is not much information available in the literature on soft glassy materials in tensile deformation field to support this claim. In addition, unlike the shear flows, extensional flows are irrotational in nature, which means vorticity is identically zero in the extensional flow fields. Extensional flow is present in many natural day-to-day and industrial operations such as: flow into and out of orifices/contractions, break-up of liquid jets, droplet break-up, atomisation, spraying, expanding bubbles, fibre spinning, flow through porous media, rapid squeezing, stamping operations, tack experiments, etc. (Barnes 2000; Engmann et al. 2005; Petrie 1979; Tirumkudulu et al. 2003) . Thus, various soft glassy materials discussed above routinely encounter extensional flow fields engendered by normal stresses. In view of lack of literature on soft glassy materials in tensile deformation field, it is important to assess validity of process time-aging time-stress superposition, which is a subject of this paper. In this work, we have used aqueous suspension of Laponite in an out of equilibrium (non-ergodic) state to carry out tensile deformation experiments. We show that this system demonstrates 'time-aging time-normal stress superposition' principle. We discuss implications of this behaviour and compare it with that observed in shear flow fields.
Material and experimental procedure
Laponite is composed of disc shaped nano-particles with diameter of 25 nm and thickness of 1 nm (Kroon et al. 1998) . In an aqueous environment, particle surface acquires permanent negative charge by dissociation of sodium ions. Particle-edge, on the other hand, possesses a weak positive charge (Shahin and Joshi 2010; Tawari et al. 2001 ). Due to its anisotropic shape and uneven charge distribution, suspension of Laponite shows a very rich phase behaviour as a function of concentration of Laponite and concentration of sodium ions (Bhatia et al. 2003; Jabbari-Farouji et al. 2008; Mourchid et al. 1995; Ruzicka et al. 2006; Shahin and Joshi 2010) . Soon after mixing Laponite in water above 1 vol.% concentration, suspension undergoes ergodicity breaking. The viscosity and the elasticity of the suspension in this state are high enough to sustain its own weight over laboratory time scales (Joshi 2007; Schosseler et al. 2006) . Beyond ergodicity breaking, Laponite suspension demonstrates all the characteristic features of soft glassy behaviour (Baghdadi et al. 2008; Bandyopadhyay et al. 2006 ) with its relaxation time demonstrating a linear relationship (power law dependence with exponent close to unity) on aging time (Bandyopadhyay et al. 2010; Schosseler et al. 2006 ).
Laponite RD used in this study was purchased from Southern Clay Products, Inc. Laponite powder was dried in an oven at 120
• C for 4 h to remove moisture before mixing with ultra pure water having pH 10. A pH of 10 was achieved by addition of NaOH. Basic pH is necessary to maintain chemical stability of the suspension. Laponite and water were mixed using Ultra-Turrax drive T25 for around 30 min until a clear suspension was obtained. The suspension was then preserved in a sealed polypropylene bottle and left undisturbed for 3 months. In this work, we have carried out small amplitude oscillatory shear experiments and constant normal force-dependent tensile deformation experiments in a parallel plate geometry (diameter of 50 mm) of Anton Paar MCR 501 rheometer. Before each experiment, the sample was partly rejuvenated by passing it through an injection syringe having 0.5 mm diameter and 30 mm length. Subsequently, the complete rejuvenation (shear melting) was carried out by application of oscillatory shear stress having amplitude of 100 Pa and frequency of 0.1 Hz. In this shear melting step, complex viscosity decreased under application of high stress and eventually attained a plateau value which did not change with time. The shear melting experiment was then stopped and the aging time (t w ) was measured starting from this moment. This procedure guarantees a uniform initial state for all the experiments. After a predetermined aging time, the top plate was pulled in a direction normal to the parallel plates by application of a constant normal force. The free surface of the sample at the periphery of the parallel plates was covered with low viscosity paraffin oil to avoid evaporation of water. In this study, we have used 3.5 wt.% aqueous suspension of Laponite. All the experiments were carried out at 25
• C.
Results and discussion
Aqueous suspensions of Laponite undergo a structural evolution with aging time, which is accompanied by changes in its viscoelastic properties. Figure 1 shows the evolution of elastic and viscous modulus as a function of aging time. It can be seen that elastic modulus (G ) increases with the aging time following a power law dependence (G ∼ t
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w ) and is always greater than the viscous modulus (G ). The average relaxation time of the material can be estimated by approximating the material response as a time-dependent single mode Maxwell model and is given by: τ = G /ωG . We have also plotted the average relaxation time in Fig. 1 , which follows a power law dependence on the aging time given by: τ ∼ t As mentioned in the previous section, in this work we have carried out the tensile creep experiments at various aging times by applying constant normal force on the top plate. Under the application of a normal force, the plates start to separate thereby increasing the tensile strain. Figure 2 shows a typical variation of strain ε under the application of normal force F. In MCR 501 rheometer normal force applied to the top plate is maintained by controlling the movement of the top plate which causes force to fluctuate around its mean value. After the initiation of failure, the rheometer cannot maintain a constant force, which then drops rather rapidly. For this reason, we have considered the strain in the material only until the point of failure. As tensile deformation progresses, separation of plates makes the sample area to shrink. Since we have maintained the force on the top plate constant, the localised tensile stress increases as the area of the sample connecting both the plates decreases. Thus, as is usually the case, the tensile creep experiments represent the situation of constant normal force or constant engineering normal stress.
In Fig. 3 , we have plotted tensile compliance (J (t + t w ) = ε (t + t w ) /σ N , where σ N is the constant engineering stress) induced in the material as a function of creep time (t) for the experiments carried out at different aging times (t w ) under a constant normal force of 10 N (σ N = 5.1 kPa). It can be seen from Fig. 3 that for the experiments carried out at the greater aging times, less compliance/strain is induced in the sample. As mentioned earlier, non-ergodic (glassy) soft materials undergo continuous structural evolution with elapsed time which enables the exploration of the progressively lower energy sections in the energy landscape (Wales 2003) . Such decrease in energy enhances the barrier height necessary to escape from an energy well as a function of aging time, thereby increasing the elastic modulus and the cage diffusion or the characteristic time associated with the material (Awasthi and Joshi 2009 ). This effect is highly pronounced particularly for an aqueous suspension of Laponite as shown in Fig. 1 . Application of stress field increases the energy of the particle thereby reducing the barrier height of the energy well. In a system having distribution of barrier heights (energy well depths), application of stress facilitates cage diffusion of those particles which occupy the shallower wells leading to a partial rejuvenation of the material. It is usually observed that under application of stress field, the characteristic relaxation time of the material shows a power law dependence on the aging time given by (Fielding et al. 2000) :
where τ m is a microscopic timescale which represents the attempt time of a particle to diffuse out of an energy well, t w is an aging time and μ is a shift rate which signifies a rate of increase in the relaxation time with respect to aging time = d ln τ/d ln t w (Fielding et al. 2000; Struik 1978) . It should be noted that shift rate μ is the only parameter on the right side of Eq. 1 that depends on the stress field. The observed decrease in strain as a function of aging time at constant stress shown in Fig. 3 can be attributed to enhanced modulus and the characteristic time scale of the material. It is suggested in the literature that the effect of increase in both these variables as a function of aging time on the rheological behaviour can be compensated by plotting normalised compliance as a function of normalised creep time (Cloitre et al. 2000; Derec et al. 2000 Derec et al. , 2003 Joshi and Reddy 2008; Reddy and Joshi 2008) . Usually, compliance is normalised by an aging time dependent modulus while creep time is normalised by that factor of relaxation time which depends on the aging time. This procedure, usually known as the creep (process) time-aging time superposition (Struik 1978) , leads to a horizontal and vertical shifting of the aging time-dependent creep data to yield a superposition as shown in Fig. 4 . The vertical shift factor G (t w ) is obtained from the small amplitude oscillatory shear experiment data shown in Fig. 1 . The inset of Fig. 4 shows variation of the horizontal shift factor a as a function of aging time t w . As mentioned before, 1/a is that factor of relaxation time which depends on the aging time. Therefore, the dependence of 1/a on t w should lead to the dependence of relaxation time on t w given by Eq. 1. For a normal force of 10 N, fit to the horizontal shift factor shown in the inset of Fig. 4 suggests that the relaxation time dependence on age indeed follows Eq. 1 and is given by: τ ∼ t reduces to zero suggesting a near complete rejuvenation of the suspension for this stress. This behaviour under a normal stress (tensile deformation) is in agreement with the observations in a shear flow field (Cloitre et al. 2000; Joshi and Reddy 2008) , where the power law index was observed to decrease with an enhancement in the creep stress. Figure 6 demonstrates that the observed qualitative trend for the tensile flow field is also consistent with the observations for the shear flow field. The superposed curves for four different tensile stresses are shown in Fig. 5 . It is apparent from the above discussion that the dominant relaxation mode depends both on the age and the tensile stress according to Eq. 1. The dependence of tensile stress in this expression comes solely from μ. We expect that the superposed curves at different stresses should also show an overall superposition if the process (creep) time is normalised by the relaxation time. To test this hypothesis, we shifted these curves horizontally onto the set of superposed curves for a normal force of 15 N. Figure 7 shows the universal master curve demonstrating the validation of creep time-aging timestress superposition under the application of tensile deformation field. It can be clearly seen that except some initial data points, these curves superpose very well. As mentioned before, the superposition shown in Fig. 7 is possible if the tensile stress and the aging time affect the rheological behaviour of the material through its dependence on the relaxation time alone. Therefore, we have:
where b (σ N ) is the stress-dependent horizontal shift factor shown in Fig. 7 . Since a (t w ) ∼ t The validation of creep time-aging time-normal stress superposition has many important implications. Figure 6 suggests that the rate of aging as represented by μ = d ln τ/d ln t w decreases with increasing stress. Therefore, aging that occurs under application of lower stress over a shorter duration should be equivalent to what occurs under application of greater stress over a longer duration. Importantly, this concept can be used to predict the long-term rheological behaviour from the short time experiments. Joshi and Reddy (2008) introduced this concept for soft glassy materials undergoing the shear flow, while the present work extends the same for tensile flow field employed often in processing. In addition, the results presented in the present paper are important as process time-creep time-stress superposition is validated over the range of tensile strain spanning more than one order of magnitude (more than a factor of 10). As discussed in the "Introduction", many groups have observed process time-deformation field (stress or strain) superpositions in tensile deformation field for amorphous polymeric materials. However, complexities involved in the effect of mechanical stress/deformation field on the aging behaviour of the polymer glasses cast doubts on the applicability of such superposition to predict the long-term creep behaviour from short-term tests. This makes the present study unique in which process (creep) time-aging time-stress superposition is validated in tensile deformation fields. In view of the fact that there are fundamental differences between the nature of shear flow and the tensile flow, confirmation of creep time-aging time-stress superposition in tensile flow field is an important step forward for understanding and processing of this class of complex glassy materials in general and nanoclay suspensions in particular.
Conclusions
In this paper, we have studied tensile deformation behaviour of aqueous suspension of Laponite-a model soft glassy material-at various aging times under application of normal stress. Aqueous suspension of Laponite studied in this work is out of thermodynamic equilibrium and undergoes an aging process in which its structure evolves as a function of time to attain the lower energy states. The aging in this system causes enhancement in elastic modulus (G ) as well as characteristic relaxation time (τ ) as a function of aging time (t w ). This system is known to undergo plastic deformation when the applied stress crosses the yield stress of the material. We observe that less tensile strain is induced when the material is aged for longer times. Horizontal and vertical shifting of such aging time-dependent data leads to creep time-aging time superposition which yields the rate of enhancement of relaxation time as a function of aging time (d ln τ/d ln t w ). We carried out creep time-aging time superposition for various engineering normal stresses and observed that the rate of aging as represented by d ln τ/d ln t w decreased with increase in the normal stress. Such reduction in the rate of aging can be attributed to increasing extent of rejuvenation that the suspension undergoes at greater normal stresses. Overall, it is observed that the aging that occurs at short times under low stresses is equivalent to that which occurs at longer times under large stresses. This underlying concept leads to "creep timeaging time-normal stress superposition" wherein all the aging time and the stress-dependent data superpose to form a universal master curve. This concept of timestress superposition can be used to predict the longtime rheological behaviour by carrying out the short time tests.
